We demonstrate a novel technique for cooling a degenerate Fermi gas in a crossed-beam optical dipole trap, where high-energy atoms can be selectively removed from the trap by modulating the stiffness of the trapping potential with anharmonic trapping frequencies. We measure the dependence of the cooling effect on the frequency and amplitude of the parametric modulations. It is found that the large anharmonicity along the axial trapping potential allows to generate a degenerate Fermi gas with anisotropic energy distribution, in which the cloud energy in the axial direction can be reduced to the ground state value.
Evaporative cooling in an optical dipole trap (ODT) has remained a key technique for producing BoseEinstein condensates and degenerate Fermi gases for more than a decade [1] [2] [3] . The most common approach for evaporation is to reduce the optical trapping potential continuously by decreasing the intensity of the trapping beams, so called the "weakening" scheme. The weakening scheme results in a reduction of trapping frequencies inevitably, which not only decreases the collision rate but also limits the maximum phase space density available in an optical trap. To overcome this drawback, several auxiliary techniques have been implemented to maintain trapping frequencies during evaporation, including a dimple trap [4] , moving traps [5] , time-delay traps [6] , and a magnetic field tilting trap [7] . These techniques increase the evaporation speed and the final phase space density substantially, but require a more experimental setting.
Alternatively, it is desirable to develop an "expelling" scheme for an ODT, an analogy of the radio-frequency knife for a magnetic trap [8] , where high-energy atoms can be selectively removed from optical traps while keeping the trapping potential intact. Since both the collision rate and the phase space density scale with the cube of the average trapping frequency [9] , such an expelling scheme has the potential to improve evaporative cooling in optical traps significantly, which will be essential for experiments with ultracold polar molecules. In those experiments, the coldest sample is close to the Fermi temperature T F in an ODT, but cooling into deep quantum degeneracy has yet to be realized [10] . Developing an expelling scheme may pave the way for the final stage cooling in the degenerate regime.
In this letter, we report an "expelling" scheme to cool a degenerate Fermi gas by parametric excitation of high-energy atoms out of an optical trap. Our scheme employs the intrinsic anharmonicity of a crossed-beam ODT, where high-energy atoms experience smaller trapping frequencies than low-energy atoms. The spatial differential trapping frequencies turn parametric excitation of atomic motion from a well-established laser-induced heating and loss source [12, 13] into a robust cooling mechanism, in which high-energy atoms can be selectively removed from the trap when the modulation fre-
The local radial trap frequency of a crossed-beam optical trap. The x-axis trap frequency ωx(x, 0, z) is plotted in the x-z plane in term of the harmonic frequency ωx0 = 760 Hz (the calculated value from the trapping potential). The radial and axial atom densities n(x) and n(z) are plotted in the left and bottom frames for a Fermi gas of 1.6 × 10 5 atoms per spin state at T /TF = 0.6 using 1D Thomas-Fermi distribution [11] . The red dashed lines show the positions of the Fermi radii in the radial (σx) and axial (σz) directions, where the local trapping frequency drops to ωx(σx, 0, 0) = 0.89 ωx0 and ωx(0, 0, σz) = 0.55 ωx0.
quency is tuned to resonance with the trapping frequencies of high-energy atoms. Parametric modulation induced cooling has previously been observed for bosonic atoms either in a magnetic trap [14] or in a standing wave lattice [15] . However, in both cases, the bosonic atoms were in the thermal states with phase space densities of 10 −4 ∼ 10 −7 . When approaching the quantum regime with a phase space density close to one, bosonic atoms tend to occupy the lowest vibrational states, resulting in a negligible differential trapping frequency between highenergy and low-energy atoms. It becomes very difficult to parametrically cool a Bose gas at very low temperatures, which has not yet been reported, to the best of our knowledge. In contrast, fermionic atoms, indebted to the Pauli exclusion principle, occupy a significant fraction of the vibrational states even at the degenerate temperature, making parametric cooling much more feasible. Here we use a noninteracting degenerate Fermi gas for a proof of principle study, in which other cooling mechanisms are minimized and the excited high-energy atoms will leave the trap quickly without colliding with the low-energy atoms, manifesting the parametric cooling effect.
Anharmonicity of the trapping potential plays a central role in parametric cooling. In our experiment, we load 6 Li atoms into a crossed-beam ODT with a crossing angle 2θ = 12
• in the x-z plane, which is described by
, with X ± = x cos θ ± z sin θ and Z ± = z cos θ ± x sin θ. The single-beam trap depth U 0 is 2.8 µK which is formed by a 100 mW Gaussian beam at 1.06 µm wavelength with a focused beam waist w 0 = 37 µm. The local radial trap frequency along the x-axis ω x (x, y, z) can be calculated from anharmonic radial motions of the atoms [15] , given by
From Eq.1, the harmonic frequency ω x0,y0,z0 is readily obtained by approximating the center of the trap with a harmonic potential of m(ω
, where m is the mass of 6 Li atom. We plot the dispersion of the local frequency ω x (x, 0, z) in the y = 0 plane in Fig. 1 , showing that the local frequency decreases significantly from the center to the edge of the atom cloud even at T /T F = 0.6. The large frequency drops along the zaxis allows applying parametric excitation to selectively remove high-energy atoms in a degenerate Fermi gas.
In the noninteracting regime, parametric modulations usually induce temperature (energy) anisotropy since the atomic motions along the different axes of the clouds are uncoupled. Instead of T /T F , we use E/E F , the ratio between the energy per particle and the Fermi energy, as an effective thermometry, which provides a convenient way to characterize temperature (energy) anisotropy due to the parametric modulation. The total energy per particle is given by E = E x + E y + E z based on uncoupled atomic motions in different directions. For a noninteracting gas, the viral theorem gives E x,y,z = 2 U x,y,z by using an harmonic approximation for the trapping potential. U x is the potential energy per particle along the x-axis, which can be determined by
The number-independent mean square size (NIMS) x 2 = x 2 n(x)dx/N 1/3 can be obtained directly from the 1D density profile of the atom cloud [16] . Finally the energy in the x-direction is given by
is the average trap frequency. It is noted that we ignore the anharmonic correction of the potential energy since it is small for a degenerate Fermi gas at low temperatures. We prepare a gas of 6 Li atoms in the two lowest hyperfine states of F = 1/2, m F = ±1/2 (as |1 and |2 states) in a magneto-optical trap. The precooled atoms are then transferred into a crossed-beam ODT made by a 100 W IPG fiber laser. The bias magnetic field is quickly swept to 330 G to implement evaporative cooling. The trap potential is lowered to 0.1% of the full trap depth in 2.6 s, giving a final trap depth of 5.6 µK for the crossedbeam trap. A noisy radio-frequency pulse is then applied to prepare a 50:50 spin mixture. To prepare a noninteracting Fermi gas, the magnetic field is swept to 527.3 G, where the s-wave scattering length of |1 and |2 states is zero [17] . Typically we have a noninteracting Fermi gas of N = 1.6×10 5 atoms per spin state at T /T F ≈ 0.6 with T F ≈ 1.6 µK to start parametric modulation. The temperature of a noninteracting Fermi gas is measured by fitting the 1D density profile with the finite temperature Thomas-Fermi distribution [11] . In the noninteracting regime, the temperature from the density profile is also confirmed by fitting the time-of-flight cloud sizes with ballistic expansion dynamics [18] .
The parametric excitation is applied to the atom clouds by modulating the optical intensity of the trapping beams with an acousto-optic modulator. The trap depth is modulated as U 0 (t) = U 0 [1 + δ cos(ω m t + θ)], where U 0 is the trap depth without modulation, δ is the modulation depth, ω m is the modulation frequency, and θ is the modulation phase. The modulation is turned on for a time t m . After that, the atoms are allowed to stay in the trap for 100 ms to reach a steady state before the trap is turned off. Subsequently the atom cloud ballistically expands for 800 µs before a 10 µs resonant optical pulse is applied for absorption imaging. We first extract both the radial and axial NIMSs of the time-of-flight clouds from the absorption images, and then determine the NIMSs and energies of the in-situ clouds from ballistic expansion. We avoid taking in-situ images to eliminate the systematic error due to the high column density.
We first use small δ = 0.05 to measure the harmonic trap frequencies, where modulations of twice the harmonic trap frequency induces parametric heating [12] . We measure ω x0 = 2π × (740 ± 10) Hz, ω y0 = 2π × (750 ± 10) Hz, ω z0 = 2π × (75 ± 5) Hz, which agree very well with the theoretical calculation based on the parameters of the trapping potential. We next examine the dependence of the parametric excitation effect on the modulation frequency using large modulation amplitude δ = 0.15. The radial (x-axis) and axial (z-axis) NIMSs and energies of the clouds are shown in Fig. 2 , where ω m varies from a near zero value to about 2.5ω x0 . We find that the NIMSs of the axial and radial directions show quite different frequency dependence, resulting in the energy anisotropy after modulation. The radial NIMSs increase significantly around 2ω x0 , indicating the usual parametric heating effect [12, 19] . In contrast, the axial NIMSs barely change at 2ω x0 , showing the modulation at 2ω x0 frequency mainly excites atomic motion along the radial direction and does not couple to the motion along the axial direction. The most striking feature evident in our measurements is that the axial NIMSs decrease significantly in a wide range between 0.6 ω x0 to 1.7 ω x0 , indicating a reduction of the axial cloud energy E z . This axial parametric cooling effect can be explained by the fact that the atoms along the z-axis experience different local radial frequency ω x (z), such that the high-energy atoms at the edge of the trap are selectively excited out of the trap. As shown in Fig. 1 , anharmonicity plays a much more significant role in the axial direction than that in the radial one, therefore parametric cooling mainly takes place in the axial direction.
We develop a simple model of a group of anharmonic oscillators distributed in a 2D plane to simulate the parametric modulation process. We assume the initial column density is described by a 2D Thomas-Fermi n(x, z) distribution [11] , and the local densities n(x, z) are associated to different anharmonic oscillators. During the parametric modulation, the atoms associated to a specific n(x, z) oscillate along the radial (x-axis) direction only, whose equation of motion is given by
Here U (x, z) = U (x, 0, z) by approximating the col- umn density in the 2D plane of y = 0. The initial atom position and velocity are given by x(0) = x 0 and (dx/dt) t=0 = (2U (x 0 , 0, z) − 2U (0, 0, z))/2m) 1/2 . We solve Eq. 2 numerically for t ∈ {0, t m } to obtain the position and kinetic energy of atoms after parametric excitation. In this model, atoms associated with a local density n(x, z) can be selectively excited when the parametric oscillation frequency ω m is tuned to resonance with the local frequency ω x (x, z). When ω m ≈ 2 ω x0 , the modulation will excite the atoms in the center of the trap, inducing a loss of the low-energy atoms and an increase of the energy per particle. In comparison, when the ω m is tuned to 1.5 ω x0 close to the local trapping frequency at the edge of the trap, the parametric process will excite the high-energy atoms out of the trap and result in a cooling effect. The simulation results of the atom number, E x , and E z are shown by the solid lines in Fig. 2 , where we only adjust the harmonic frequency ω x0 to 825 Hz in our simulation for the best fitting of the experimental data, while keeping all other simulation parameters as the experimental values. This model manifests the analogy between parametric excitation in an optical trap and rf-knife in a magnetic trap, both of which depend on the spatial variation of frequency (either trapping frequency or rf transition frequency) between high-energy and lowenergy atoms.
We also study the dependence of the parametric excitation on the modulation amplitude with the results shown in Fig. 3 . For the modulation ω m = 2 ω x0 = 2π×1500 Hz, E x /E F increases dramatically when the modulation amplitude increases, which is consistent with the parametric heating effect along the radial direction. For the modulation ω m = 1.5 ω x0 , E z /E F decreases significantly with an increase of the modulation amplitude, showing that a stronger cooling effect takes place when larger modulation expels more high-energy atoms out of the trap. The cooling effect saturates when δ increases to 0.25 due to the fact that the modulation becomes so strong that most atoms in the anharmonic region have already been expelled from the trap. We simulate the dependence on the modulation amplitude shown by the solid lines in Fig.3 (b) and (c) . The simulations exhibit both heating and cooling features, which agree with the experimental results reasonably well.
After parametric modulation, the anisotropic energy distributions between the axial and radial directions are observed. We find that these anisotropic energy distributions are quasi-steady around 528 G, showing a lack of cross-dimensional thermalization [20] [21] [22] in the noninteracting regime. For a noninteracting Fermi gas, s-wave elastic collisions are absent, and the cross-dimensional term of the trapping potential is negligible for a degenerate Fermi gas at very low temperatures. To obtain isotropic temperature, the magnetic field is adiabatically swept to 330 G, where a finite scattering length of -280 a 0 [23] assists a fast cross-dimensional thermalization. After that, the atom clouds are swept back to 527.3 G, and the energy distributions are measured by taking absorption images. We verify that the equipartition energy distribution is retrieved within a 100 ms holding time at 330 G. By subtracting the finite heating rate during the sweeping and holding time [24] , we find that the energy per particle E of a noninteracting Fermi gas is decreased from 1.6 E F to 1.3 E F by parametric cooling. It is worth noting that this parametric cooling effect is almost optimal since the cloud energy decreases only in the axial direction. For a noninteracting Fermi gas in a harmonic trap, the ground state energy in each direction is 0.25 E F . Starting with the initial cloud energy E = 1.60 E F , the coldest sample that can be obtained by axial parametric cooling is limited by (2/3)1.60E F + 0.25E F = 1.3E F .
In conclusion, we report parametric cooling of a noninteracting degenerate Fermi gas. The parametric cooling method provides a selective way to remove high-energy atoms from optical traps in the noninteracting regime. It also provides a convenient method to generate temperature anisotropy for studying nonequilibrium thermodynamics in quantum gases. This method can be implemented in many existing optical traps, such as a powerlaw trap [25] and a box trap [26] , in which large anharmonicity exists in all three directions. With specially designed anharmonic traps, parametric cooling has potential to be implemented in a large temperature scale, where a Fermi gas may be directly cooled from the thermal state to the degenerate regime by parametric modulations.
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